Hop stunt viroid (HSVd) is able to infect a number of herbaceous and woody hosts, such as grapevine, Citrus or Prunus plants. Previous phylogenetic analyses have suggested the existence of three major groups of HSVd isolates (plum-type, hop-type and citrus-type). The fact that these groups often contain isolates from only a limited number of isolation hosts prompted the suggestion that group-discriminating sequence variations could, in fact, represent host-specific sequence determinants which may facilitate or be required for replication in a given host. In an effort to further understand the relationships between HSVd and its different hosts, HSVd variants from eight naturally infected Prunus sources, including apricot, peach and Japanese plum have been cloned and sequenced. In total, ten
Introduction
Viroids are the smallest known pathogens of plants. They are single-stranded, circular, highly structured, rod-like RNAs with no protein capsid nor any detectable messenger activity (for reviews see Diener, 1987 ; Reisner & Gross, 1985 ; Semancik, 1987) . Their ability to replicate and spread in their host entirely relies on interactions between their RNA genome and host components. The genome of typical viroids contains five structural domains (Keese & Symons, 1985) . In general, sequence variation between strains is mostly localized in the pathogenicity (P) and variable (V) domains. There is evidence that, during evolution, the structural domains may be shuffled by recombination between different viroids to yield new Author for correspondence : Vicente Palla! s.
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The sequences described in this work have been deposited in the EMBL database under accession numbers Y08437 (HSVd.apr2), Y08438 (HSVd.apr1), Y09344 (HSVd.apr5), Y09345 (HSVd.apr3), Y09346 (HSVd.apr4), Y09347 (HSVd.apr6), Y09348 (HSVd.apr7), Y09349 (HSVd.apr8) and Y09352 (HSVd.p3). molecular variants of HSVd have been identified, nine of which have not been described before. A detailed phylogenetic analysis of the existing HSVd sequences, including the new ones from Prunus determined in this work, points towards a redefinition of the grouping of variants of this viroid, since two new groups were identified, one of them composed of sequences described here. A bias for the presence of certain sequences and/or structures in certain hosts was observed, although no conclusive host-determinants were found. Surprisingly, our analysis revealed that a number of HSVd isolates probably derived from recombination events and that the previous hop-type group itself is likely to be the result of a recombination between members of the plum-type and citrus-type groups.
species (Hammond et al., 1989 ; Puchta et al., 1991 ; Rezaian, 1990 ; Semancik et al., 1994 ; Stasys et al., 1995) .
The location of pathogenicity determinants within the viroid molecule has been studied for only a few species. For citrus exocortis viroid (CEVd) and potato spindle tuber viroid (PSTVd), the P domain plays a key role in determining symptom severity (Schno$ lzer et al., 1985 ; Visvader & Symons, 1985 ; Go! ra et al., 1996) . However, studies with recombinants between CEVd and tomato apical stunt viroid (TASVd) indicated that other regions may also significantly contribute to the pathogenicity (Sano et al., 1992) . To date, there is very little information on the potential existence and location of host-determining factors on the viroid molecule. In response to selection pressure from the host, a ' tomato signature ' has been described for CEVd, mainly in the left half of the molecule, including the terminal left (TL), P and central conserved region (CCR) domains (Semancik et al., 1993) .
Hop stunt viroid (HSVd) has been found in a wide range of hosts including hop, cucumber, grapevine, citrus, plum, peach, pear (Shikata, 1990) and, recently, apricot, almond and pomegranate (Astruc et al., 1996) . In some hosts, such as grapevine (Shikata, 1990 ; Polivka et al., 1996) and apricot (Astruc et al., 1996) , the infection appears to be latent. In other cases, specific disorders such as hop stunt (Shikata, 1990) , dapple fruit of plum and peach (Sano et al., 1989) and citrus cachexia (Diener et al., 1988 ; Semancik et al., 1988) have been associated with HSVd infection. Sequence variation between isolates affects all structural domains (Hsu et al., 1994) , but little is known of the effect of specific mutations on the pathogenicity or host range of HSVd. Overall sequence homologies (Shikata, 1990 ) and phylogenetic analyses (Hsu et al., 1994) indicated that HSVd isolates can be separated into three groups. Since isolates of each group had only a few isolation hosts, the groups were named plum-type (peach, plum and grapevine isolates), hop-type (hop, grapevine, peach and pear isolates) and citrus-type (citrus and cucumber isolates) (Sano et al., 1989 ; Shikata, 1990) .
In this study nine new HSVd variants were characterized from Prunus sources and a phylogenetic analysis including all characterized HSVd sequences was conducted. HSVd sequences were also studied to obtain evidence for or against the existence of host-specific determinants. A number of recombination events between HSVd variants were detected, some of which seem to originate entire HSVd groups.
Methods
Viroid sources. Eight HSVd-infected sources were used in this study. Two isolates were from apricot (Prunus armeniaca L.) cvs Pepito del Rubio (PR) and Bulida d'Arques (BA) from a collection kept at CEBAS (Murcia, Spain). The peach (Prunus persica L.) isolate JJ16 (JJ), two apricot isolates from cv. Rouge de Roussillon (D08) and an unknown cultivar (Roma1, R), respectively, and one Japanese plum (Prunus salicina L.) isolate from cv. Taiyo (T) were provided by J. C. Desvignes (Centre Technique Interprofessionnel des Fruits et Le! gumes, Prigonrieux, France). Lastly, two isolates were provided by R. Flores (Instituto de Biologa Preparation of low molecular mass RNA. Low molecular mass RNA preparations were obtained by phenolic extraction of leaf samples followed by CF-11 cellulose chromatography, as described (Flores et al., 1985 ; Palla! s et al., 1987) , or by a modification of the protocol of Flores et al. (1991) which eliminates the CF-11 chromatography. Briefly, 0n5 g samples were ground in 2 ml neutralized water-saturated phenol and 800 µl extraction buffer (0n12 M Tris-HCl pH 8n8, 20 mM EDTA, 0n77 % SDS, 1 % β-mercaptoethanol). The aqueous and solvent phases were both re-extracted, the aqueous phases were combined and then extracted with phenol : chloroform : isoamylalcohol (25 : 24 : 1) and, subsequently, with chloroform : isoamylalcohol (24 : 1). High molecular mass nucleic acids were precipitated overnight with 4 M LiCl. After ethanol precipitation, low molecular mass nucleic acids were dissolved in sterile water.
RT-PCR amplification, cloning and sequencing of viroid isolates. For all sources except D08 and Roma1, RT-PCR was performed as described (Astruc et al., 1996) . The oligonucleotides used were the antisense 26-mer VP-19 (5h dGCCCCGGGGCTCCTTTCTC-AGGTAAG 3h, HSVd residues 60-85) and the sense 27-mer VP-20 (5h dCGCCCGGGGCAACTCTTCTCAGAATCC 3h, HSVd residues 78-102). Both primers lie in the strictly conserved central region and contain the unique endonuclease restriction site SmaI (underlined). Following RT-PCR, electrophoretic analysis confirmed the presence of a PCR product of the expected size. The products were phenol-extracted, ethanol-precipitated and digested with SmaI. The resulting fragments were cloned in the SmaI site of dephosphorylated pUC18.
For isolates D08 and Roma1, perfect SmaI monomers were prepared by RT-PCR using the first-strand 18-mer HSVFL1 (5h dGGGGCTCC-TTTCTCAGGT 3h, HSVd residues 63-80), and the second-strand 18-mer HSVFL2 (5h dGGGGCAACTCTTCTCAGA 3h, HSVd residues 81-98). These were subsequently cloned into the SmaI site of pUC9 (Go! ra et al., 1994) .
For all isolates, cDNA clones were identified by restriction analysis. Selected clones were sequenced in both orientations by dideoxy termination using the Sequenase 2.0 sequencing kit (USB). Two to four independent clones usually obtained from different RT-PCR experiments were sequenced for each isolate. The clones were named after the Prunus cultivar from which they came, followed by the clone number and, when applicable, the PCR experiment. For example, clone PR1B is the HSVd from Pepito del Rubio, clone 1 from RT-PCR experiment B. For the new sequence variants, these names were subsequently adapted to match the nomenclature scheme described below.
Viroid nomenclature. A proposal to simplify viroid nomenclature (Bussie' re et al., 1996) was adopted. We named the peach isolate described in this work HSVd.p3 and used HSVd.apr[number] to name variants from apricot. The new sequence variants described here have been deposited in the EMBL database and are included in Table 1 . This information was also added to the World Wide Web viroid catalogue (http :\\www.callisto.si.usherb.ca\"jpperra).
Infectivity studies. Monomeric SmaI viroid cDNAs were excised with SmaI from recombinant plasmids. Cucumber (Cucumis sativa cv. Suyo) seedlings were inoculated by rubbing 2 µg of cut plasmid per plant onto carborundum-dusted cotyledons. Plants were grown for 5-6 weeks and then indexed by RT-PCR or by hybridization.
Computer analysis of the sequences. Multiple alignments of HSVd sequences were obtained using ClustalW (Thompson et al., 1994) . The alignment was corrected manually to maximize sequence homology. Phylogenetic analyses were performed using the following programs of the PHYLIP 3.5c package (Felsenstein, 1993) : DNADIST was used to calculate genetic distances, NEIGHBOR (UPGMA or neighbor-joining methods) to cluster the variants from the distance data, DRAWTREE to draw the resulting phylogenetic tree and SEQBOOT (100 repetitions) and CONSENSE to perform bootstrap analysis. Suspected recombination events were statistically validated using the test developed by Sawyer (1989) , as implemented in the program VTDIST2 (provided by S. Sawyer, Washington University, St Louis, USA).
Results

Characterization of HSVd Prunus isolates
HSVd was isolated from eight Prunus sources, including three different species, peach (Prunus persica L.), apricot (Prunus armeniaca L.) and Japanese plum (Prunus salicina L.). For each isolate, two to four independent full-length cDNA clones were sequenced (Table 1 ). In general, clones from different PCR reactions were analysed (noted as A or B in the clone name) in order to eliminate artefacts linked to the amplification process. Nine new sequence variants were found, varying between 295 and 299 nucleotides in length, comparable to the length of previously known HSVd isolates (see Fig. 3 ). Several other cDNA clones were found to be identical to others, either previously characterized or sequenced during this work (Table  1) . Viroid sources found to be homogeneous within the limits of the sparse sampling used include apricot isolates Roma1 (variant HSVd.apr2) and Rouge du Roussillon D08 (variant HSVd.apr1) and peach isolate Jero! nimo Copia (variant HSVd.p2). The other sources were heterogeneous, with two to three variants cloned from each individual source. In three cases (HSVd.apr1, HSVd.apr2 and HSVd.p2), identical sequences were detected from separate sources coming from different locations and even from different Prunus species. An extreme example is the HSVd.apr2 sequence, which was obtained from apricots Roma1 (Italy) and Bulida d'Arques (Spain) and Japanese plum Taiyo (Japan) in independent experiments by the two groups involved in this work.
The HSVd sequences identified during this study are closest to the previously sequenced Prunus variants HSVd.p1 (HSVd-peach A9) and HSVd.p2 (HSVd-plum and HSVd-peach AF) (Sano et al., 1989) . All variants, with the exception of HSVd.apr1, were found to be very similar to HSVd.p2 and, in fact, cDNAs identical to HSVd.p2 were isolated from Spanish peach cvs Jero! nimo Copia and Jero! nimo J16 (Table 1) . HSVd.apr2 and HSVd.apr5 were the most divergent variants found, differing from HSVd.p2 by eight mutations. HSVd.apr1 most closely resembled HSVd.p1 but still diverged from it by a total of five mutations.
Some of the viroid cDNA clones corresponding to new sequence variants were tested for infectivity on Cucumis sativa cv. Suyo, as described in Methods. Hybridization and\or PCR assays confirmed the infectivity of the various cDNAs when inoculated as excised SmaI perfect monomeric units (Table 1) . Infected plants displayed classical HSVd symptoms of stunting and reduced internode and leaf size (Shikata, 1990) .
Phylogenetic analysis of the new HSVd variants
Alignments and phylogenetic analyses were carried out with the 22 HSVd sequences included in the molecular databases (http :\\www.callisto.si.usherb.ca\"jpperra\viroids\ hsv.html ; Bussie' re et al., 1996) , one pear sequence (Shikata, 1990) and two citrus sequences (Levy & Hadidi, 1992) previously reported, together with the nine Prunus sequences described here, giving a total of 34 sequences. Overall similarity between sequences (Sano et al., 1989 ; Shikata, 1990) and phylogenetic analysis (Hsu et al., 1994) has led to the classification of HSVd isolates into three major groups : citrus-, hop-and plum-type. The phylogenetic tree obtained in the present work, based on genetic distances (Fig. 1) suggests a redefinition of the previous grouping of HSVd variants. Five groups were identified, three of them corresponding to the previously described ones. Interestingly, further analyses (see next section) strongly support the idea that the two groups most distantly located in the tree (shaded in Fig. 1 ) could have originated the other three groups by genetic recombination. A phylogenetic tree constructed according to the maximum parsimony principle (as implemented by the PHYLIP package) showed essentially the same topology as the tree presented in Fig. 1 (not shown), with the only remarkable differences that (i) HSVd.cit3 and HSVd.apr1 branched out at the very beginning of the group formed by the citrus and cucumber variants and (ii) HSVd.g5 did not group with any sequence, but rather branched out near the outgroup node.
Analysis of the ClustalW nucleotide alignment showed that 50 out of 307 positions in the alignment were variable. Twenty of these variable positions showed variation in only one or two of the sequences, and do not account for the phylogenetic ) is indicated as follows : black bracket, region of plum-like sequence recombined into a citrus-like isolate to give hop-like sequences ; dark grey bracket, region of citrus-like isolates recombined into a plum-like sequence to give members of the apr2/apr5 group ; light grey bracket, region of plum-like isolates recombined into a HSVd.cit3-like sequence to give members of the g2/g3/g9 group. Inserts at the bottom of the figure show predicted alternative local foldings at the various covariating positions (see text). Residues involved in covariation events are shaded. Left insert, local sequence and folding for the plumlike, apr2/apr5 and g2/g3/g9 groups. Middle insert, local sequence and folding for (a) HSVd.apr3-apr4-apr6-apr7 and apr8 ; (b) HSVd.p2 and p3 ; (c) HSVd.apr2 and apr5 ; (d) all sequences in the citrus-like group except HSVd.citIIb ; and (e) HSVd.citIIb. Right insert, sequences in the citrus-like group and in HSVd.cit3 and HSVd.apr2 variants.
clustering. As noticed by Hsu et al. (1994) , phylogenetic clusters of HSVd variants can be discriminated by a limited number of so-called ' informative ' changes. The precise position of these informative positions on the native, rod-like viroid structure is depicted in Fig. 2 , showing that the P domain is the most discriminating one since 14 out of the 30 variable (Ohno et al., 1983) and is shown at the top of the figure with the corresponding nucleotide numbering in the HSVd.h1 sequence (where the alignment shows a gap, the numbering is that of the preceding residue). Residues (or gaps) identical to the reference isolate are not displayed in the alignment. HSVd variants sequenced in this work are indicated in bold type on the left of the figure. Variants belonging to the various phylogenetic groups delineated in Fig. 1 are separated by horizontal lines. The two phylogenetic groups supposed to have generated the other groups through recombination (see text) have been marked differently : plum-type group, unshaded ; citrus-type group, horizontal striping. Residues specific to the hop-type and HSVd.g2-g3-g9 groups (middle) have been marked by dark grey shading while positions differing from a group consensus were obliquely striped. Residues showing covariation are indicated by identical symbols (F, ! and &) at the bottom of the alignment. In cases were covariation is suspected to have taken place as a consequence of recombination events, the residues involved are directly marked with symbols (F and !) in the alignment and the residues which are supposed to have undergone covariation obliquely striped.
positions are located in this region. Fig. 3 gives a ' condensed ' alignment of all available HSVd sequences, showing only those 30 informative positions which account for the discrimination of the five phylogenetic groups defined in Fig. 1. In Fig. 3 , these positions are numbered from 1 to 30 and are defined by the corresponding residue number and identity in the HSVd.h1 sequence.
So far, the detection of nucleotide covariation using natural viroid isolates has not been readily achieved, either because of the low number of sequences available or because, as in the case of PSTVd, the amount of variation is too limited and restricted to short regions of the molecule. During analysis of the complete set of HSVd sequences, several examples of phylogenetically informative changes showing covariation were detected and are illustrated in Figs 2 and 3. Covariation of residues involved in secondary structures is a very strong phylogenetic argument for the biological relevance of such structures (Michel & Westhof, 1990) .
Variation at informative positions 4 and 5 is associated with variation at informative positions 27 and 28 (Fig. 3) . Secondary structure predictions show that the two possible sequence alternatives maintain the local folding, with the sole addition of one bulged U residue in the upper strand of one of them (Fig.  2, left insert) . The second example of covariation is even clearer and involves residues at informative positions 10 and 14 (Fig.  3) . Insertion of an A (or, in the single case of HSVd.apr5, a G) at position 10 is systematically associated with insertion of a U at position 14, thus lengthening internally by 1 bp a 7 bp stem located in the V domain (Fig. 2, right insert) . In either of its two forms (7 or 8 bp) this V domain stem is predicted to be the largest one in the native, rod-like HSVd structure.
A third example, involving positions 7, 8, 9, 24, 25 and 26 (Fig. 3) is a more complex spot, where the predicted RNA structure displays subtle changes. The variations are again predicted to affect both sides of a local secondary structure motif of the rod-like viroid molecule. With one exception (HSVd.CV IIb ; Levy & Hadidi, 1992) , presence of only two nucleotides at positions 7-9 (i.e. a gap at position 8) is associated with the presence of only two nucleotides at positions 24-26 (Fig. 2, middle insert) . The presence of groups of varying nucleotides within the P domain and the prediction that covariation may result in local conformation and stability changes indicate that these particular mutations could possibly affect the pathogenicity of the molecule.
Taken together, these three cases of covariation add further support to the rod-like model of HSVd secondary structure and delineate phylogenetically conserved structural motifs in the P and V domains of the HSVd molecule.
Evaluation of recombination between HSVd isolates
As can be seen in Fig. 3 , in most cases the residues showing divergence between groups are clustered, therefore defining a stretch of the sequence. Such a disposition may be an indication that recombination between the various HSVd groups has taken place. Indeed, sequence divergence alone would not be expected to be limited to a well-defined portion of the molecule. We therefore decided to evaluate the statistical significance of such recombination events by using a data set containing all the available HSVd sequences, including the new variants described here, to run the VTDIST2 program implementing Sawyer's test (Sawyer, 1989) .
This test allows a statistical evaluation of the probability of genetic rearrangement (recombination), based on the imbalance in the size distribution of regions in which pairs of sequences within a data set are identical. In this test, the totally conserved positions are omitted from the alignment (' condensation '), and for each sequence pair a set of fragments is defined between successive sites where these two sequences differ. Two working parameters are defined, MCF (maximal size of the condensed fragments), and SSCF (sum of the squares for condensed fragments). Statistical comparison of the parameter values obtained with random permutations of the sequences or with the actual data provides an estimation of the significance of the size distribution of the fragments, and hence of the likeliness of genetic rearrangements to have occurred (Sawyer, 1989) .
The value for the entire data set, according to the SSCF parameter, differed significantly from a randomized data set, with a probability lower than 0n01 % of the null hypothesis that no recombination has occurred (Table 2) . It should be noted that although the SSCF value showed a high probability of recombination, the MCF value was much less convincing. According to Sawyer (1989) this type of result is sometimes seen even if recombination has occurred. Although this analysis provided some statistical evidence for recombination among one or several variants of HSVd, the discrepancy between MCF and SSCF values and the need to define which variants had undergone recombination motivated a more in depth examination of specific possible recombination events.
Examination of the sequences at informative positions in significantly divergent variants of each group allowed us to identify conserved regions between these isolates and putative parental sequences (Fig. 3) . Specific comparisons of divergent variants hypothesized to derive from recombination events and their putative parental sequences were therefore performed in each case in order to test the recombination hypothesis. The first sequence evaluated for a recombination event was a consensus sequence for the phylogenetic hop-type group. The region comprising informative positions 10-15 in this group is identical to that of most plum-type variants (Fig. 3) , whose consensus sequence was therefore chosen as one putative parent. The remainder of the hop-type consensus is essentially similar to most citrus-type variants (with the notable exception of positions 16-18), whose consensus sequence was retained as the second potential parent. Statistical evaluation indicated that the probability of recombination between plum-type and citrus-type sequences to give the hop-type ones was high using both program parameters (Table 2 ). Closer examination showed that HSVd.cit3 shares an even greater homology with the hop-type consensus since, contrary to other citrus-type sequences, it does not diverge from hop-type sequences at positions 16-18 (Fig. 3) . Statistical evaluation revealed that the probability that hop-type isolates are derived from a recombination event between a plum-type and an HSVd.cit3-like isolate was even higher (P 97 % using the less favourable parameter). The location of the domain involved in the recombination event, spanning positions 10 to 15 is shown by a black bracket on Fig. 2 .
Further VTDIST analyses of variants of minor groups shown in Fig. 1 were then performed, again using either group consensus sequences or specific HSVd isolate sequences as potential parents (Table 2) . Two closely related apricot variants sequenced in this work, HSVd.apr2 and HSVd.apr5 are likely to result from a recombination event between plum-type and citrus-type isolates. The recombined citrus-type fragment spans the region between informative positions 7 (or maybe 9, position 8 being difficult to interpret but most likely reflecting a covariation effect ; see Fig. 3 ) and 14, which encompasses the upper strand of the CCR together with most of the V domain and the right terminal hairpin (dark grey bracket in Fig. 2) . On the contrary, the recombination hypothesis was rejected in the case of HSVd.apr4, which shares only informative positions 11 Table 2 . Statistical evaluation of the probability of recombination events between HSVd variants Calculations were performed using the program VTDSIT2 as described in Methods. * The complete data set included all available HSVd sequences. For all subsequent calculations, the data set contained the putative recombinant and two representative parental sequences (given in italics). When necessary, a group consensus (noted Hop, Plum or Citrus) was derived for each of the phylogenetic groups of HSVd isolates by multiple alignment and used in the calculations. † Proportion of permuted data sets, out of 10 000, yielding higher scores than the actual data. This value provides a statistical evaluation of the probability of the null hypothesis (absence of recombination event between members of the data set used). ‡ Number of standard deviations above simulation mean.
and 13 with citrus-type variants (Table 2 and Fig. 3 ). Grapevine isolates HSVd.g3, HSVd.g2 and HSVd.g9, which form a separate phylogenetic cluster, are more difficult to analyse ; they can be viewed as hop-type isolates that have recombined with a plum-type in the region between informative positions 2-5 or, alternatively, they may be the products of a plumtype\HSVd.cit3 recombination similar to the one that generated the hop-type isolates (to which other grapevine isolates also belong), but with a recombination border extending further left to position 2 (light grey bracket in Fig. 2 ).
Calculations show both types of hypotheses to be statistically supported, but the latter interpretation gives the highest probability (P of null hypothesis 0n06 % ; Table 2 ). HSVd.cit3 is another isolate which can be interpreted in two different ways. As noted above, HSVd.cit3 (or a closely related variant) can be viewed as one of the progenitors of the hop-type isolates. Symmetrically, HSVd.cit3 can also be regarded as the product of a recombination event between hop-type and citrus-type isolates spanning the 10 to 15 region (Figs 2 and 3) . The two hypotheses are statistically supported (Table 2) , as opposed to the control analysis of HSVd.cit2 sequence for which the recombination hypothesis was rejected.
In cases where the recombination hypothesis was not statistically supported (HSVd.apr4 and HSVd.cit2 ; Table 2), the potentially recombined regions were very short, corresponding to only a few informative positions spanning only a short region of the molecule. In this configuration, using the available tests, it is impossible to discriminate between recombination and mere sequence divergence, although the recombination hypothesis cannot be completely ruled out, even if it is not statistically supported.
From Fig. 2 it can be seen that some of the predicted recombination events are asymmetric on the molecule. As a consequence, they could have resulted in a disruption of local secondary structures between the upper and lower strands of the rod-like native conformation. In all cases, in the regions affected by recombination, the putative recombinants exhibited compensatory changes at the positions defined above as covariable (Fig. 3) . For example, variants HSVd.g9, HSVd.g2 and HSVd.g3 are postulated to have had nucleotide exchanges at positions 4 and 5 and 8 as a result of recombination and show compensatory changes at informative positions 27-28 (as a result of the 4-5 change) and 25-26 (as a result of the 8 change), outside the recombined region. A similar situation prevails for the other tentatively identified recombinant isolates (Fig. 3) .
Discussion
Ten HSVd sequence variants were characterized in this work from eight sources corresponding to three different Prunus species. Of these, one was identical to a previously characterized HSVd variant isolated from plum and peach (HSVd.p2 ; Sano et al., 1989) . The nine other variants had not been characterized before. These variants are likely to truly reflect the diversity of HSVd in the various sources, since ample data has now shown that PCR is a valid method for the isolation and characterization of sequence variants of RNA pathogens, including viroids (Almond et al., 1992 ; Go! ra et al., 1994 ; Polivka et al., 1996) . This assumption is further supported by the fact that identical sequences were repeatedly isolated both within and among sources and by the demonstration of the infectivity of several of the new variants described here (Table 1) .
In three of the HSVd sources all the sequences determined were identical, while the other five sources contained two or more variants (Table 1) . Japanese plum cv. Taiyo was noteworthy in that it contained variants belonging to two different phylogenetic groups. These results show that the HSVd population in a given Prunus host may be heterogeneous, as has been shown previously for HSVd in grapevine (Polivka et al., 1996) and for other viroids including PSTVd (Go! ra et al., 1994) and CEVd (Visvader & Symons, 1986) .
The location of the informative changes further supports the biological significance of the rod-like HSVd structure depicted in Fig. 2 , since most of these localize in bulges or on opposite stands of covariating double-helix regions. Historically, HSVd sequences have been divided into three groups (i.e. plum-, hop-and citrus-type) on the basis of overall homology (Sano et al., 1989 ; Shikata, 1990) . Phylogenetic reconstructions carried out later (Hsu et al., 1994) supported this original grouping. The substantial number of new variants determined in this and other recent works justified a reevaluation of these analyses. Our new results permit the distinction of five groups among HSVd isolates (Fig. 1) and allowed the identification of 30 phylogenetically informative positions (Figs 2 and 3) . With the increase in the number of hosts from which sequences have been determined, it becomes clear that the previous naming of HSVd groups does not reflect host specificities and may even be misleading. For example, sequences recovered from Prunus species (HSVd.apr and HSVd.p) are found in three different phylogenetic clusters and not just in the previous plum-type group. A similar reasoning holds for HSVd grapevine isolates. We therefore suggest the avoidance of the previous ambiguous nomenclature in future HSVd research.
With the inclusion of those described here, HSVd sequences have now been characterized from nine different natural hosts, making HSVd a good model system to address the potential existence of host determinants within viroid RNA (i.e. sequence and\or structural motifs associated with infection of a given host). It may be argued that such an analysis is biased by the fact that some of the previously characterized variants had been passaged through experimental hosts prior to sequence determination. Such is the case of HSVd.p1, which was passaged through cucumber and shows remarkable differences with other Prunus sequences (Sano et al., 1989) . However, our direct recovery from apricot tissue of HSVd.apr1, a variant very close to HSVd.p1 indicates that this sequence is capable of replication in Prunus. In addition, several other previously sequenced variants passaged through cucumber or another cucurbit, Benincasa hispida, did not evolve towards cucumber\citrus-like sequences (Lee et al., 1988 ; Puchta et al., 1989) . Therefore, rapid host-adaptation, as described for example for CEVd variants (Semancik et al., 1993) , apparently does not take place for HSVd. This observation can be interpreted as an indication against the existence of host determinants or, alternatively, could show that cucurbits are rather permissive hosts capable of replicating ' any ' HSVd sequence. Hsu et al. (1994) suggested the existence of six informative changes specific of citrus-type isolates and located on the right side of the HSVd rod-like structure (informative positions 10-15 in our analysis). The presence of most of these mutations in HSVd.apr2 and HSVd.apr5 argues against their consideration as Citrus-exclusive tags. Only one residue, a C at position 15 instead of a U, remains as uniquely associated with Citrus isolates. No such host-specific tag could be detected for variants infecting Prunus spp., grapevine or hop. It must be stressed, however, that the clusters of variants that have been revealed (Fig. 1) have a good correlation with the different hosts, suggesting either the existence of some kind of host selection or a strong ' founding effect ' indicative of infrequent transmission of HSVd isolates between the different hosts. In the former view, some hosts would favour replication of some variants without necessarily impairing the replication of the others, as was previously demonstrated for PSTVd variants and mixtures of different viroids (Branch et al., 1988 ; Palla! s & Flores, 1989) .
Detailed analyses of the nucleotide sequences allowed the identification of several probable recombination events between HSVd isolates (Table 2 and Fig. 3) . One surprising result
